Although the functions of globins in higher organisms as facilitators of oxygen transport and storage are well established, the function(s) of microbial hemoglobins remains unclear. In 1986, Wakabayashi and coauthors reported the presence of a bacterial hemoglobin (Vgb) in Vitreoscilla cells, challenging the view that the distribution of hemoglobin was restricted to eukaryotes (for a review, see reference 37). Other hemoglobins found in many bacteria are two-domain proteins (6, 11, 27, 44) . The N terminus contains the heme domain, whereas the C terminus contains a reductase domain with potential binding sites for flavin (flavin adenine dinucleotide) and NAD(P)H (9) . Because of the additional domain, proteins in this class are called flavohemoglobins. The flavohemoglobin in Escherichia coli is encoded by the gene hmp, which lies at min 57.7 of the chromosome map (44) . Hmp binds oxygen to the high-spin ferrous heme to form an oxygenated complex (18) . Previous work in our laboratory has attempted to define the function(s) of Hmp by studying how hmp expression is regulated (31, 38) and the catalytic capabilities of Hmp (30, 39) . The expression of hmp is strongly induced by nitrite and nitric oxide, suggesting that Hmp may be involved in the metabolism of these compounds (38) or is responsive to oxidative stress. Other evidence demonstrates that Hmp contributes to oxidative stress in vivo by producing superoxide anion (30, 39) .
Paraquat (radical, PQ 2ϩ ; 1,1Ј-dimethyl-4,4Ј-bipyridinium dichloride; methyl viologen) and other superoxide-generating agents induce a global response leading to the expression of about 40 proteins in addition to at least another 40 proteins induced in response to hydrogen peroxide (13, 16) . The former group includes about 10 proteins whose genes have been firmly identified as components of the soxRS regulon and are necessary for dealing with oxidative stress, including sodA, ompF, fumC, and zwf (2, 35, 45) . The induction of the SoxRS modulon occurs in two steps. An unidentified intracellular signal of oxidative stress changes the conformation of the SoxR protein into a transcriptional activator of the soxS gene. The SoxS protein then activates the transcription of genes belonging to the modulon (2, 35, 46) . The SoxRS regulon is activated by redox cycling agents, such as paraquat, plumbagin, menadione, and phenazine methosulfate, all of which generate intracellular superoxide (10, 13) , and by nitric oxide (35, 36) .
Unlike the induction of other nitric oxide-inducible genes, whose expression has been shown to be SoxRS dependent, the induction of hmp is SoxRS independent (38) . In this paper, we report the regulation of hmp expression by paraquat. We demonstrate that paraquat strongly increases hmp expression, but unlike the regulation of all other known paraquat-inducible genes, the regulation of hmp is SoxRS independent.
s was shown to be the dominant regulator of hmp expression in the presence of paraquat during the stationary phase.
MATERIALS AND METHODS
Strains and plasmids. E. coli K-12 strains used in this study are described in Table 1 . Strain RKP2178 harboring an hmp-lacZ chromosomal operon fusion was constructed with plasmid pRS528 and recombined onto RS45 (41). A single-copy fusion to the chromosome of VJS676 (⌬lac) was isolated and verified with Ter tests and ␤-galactosidase assays as described by Poole et al. (38) . Expression from such fusion constructs derives almost exclusively from the unperturbed expression signals of the cloned segment and not, for example, from the induction of the bacteriophage (41) . The stability of the lysogen was tested regularly on plates containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside). The mutant alleles transduced into RKP2178 (Table 1) were arcA (ECL585), narL (RK5278), fnr (VJS1741), narP (VJS4322), fur (QC1732), soxR (BW949), soxS (BW831), rpoS (GS015), oxyR (GS08), cya (MK1010), himA (GS019), and rob (MK107). Genetic crosses were performed with bacteriophage P1vir-mediated transduction (32) . Standard methods were used for restriction endonuclease digestion and ligation of DNA (40) . Plasmid DNA was isolated with the Wizard column system from Promega (Madison, Wis.). DNA fragments were isolated from agarose gels with the Bio-Rad Prep-a-Gene kit (Hercules, Calif.). Transformation of bacteria with plasmid DNA was done by the singlestep method (4) . Restriction enzymes and T4 DNA ligase were from New England BioLabs, Inc. (Beverly, Mass.), or Promega. DNA polymerase (Pfu) was from Stratagene (La Jolla, Calif.).
Culture media and growth conditions. Cells were grown in Luria-Bertani (LB) broth (initial pH 7.0) (32) . Kanamycin, chloramphenicol, and ampicillin were used at final concentrations of 50, 25, and 150 g/ml, respectively. Agar and other dehydrated media were from Difco or Oxoid, Ltd. Other components were generally from Sigma. Culture optical density (OD) was measured with a PyeUnicam SP6-550 spectrophotometer at 600 nm, with culture samples diluted with medium to bring the OD 600 to below 0.7 when measured in cells of a 1-cm path length. All cultures were grown at 37°C with shaking (200 rpm) in conical flasks containing 1/25 to 1/10 of their own volume of medium. After growth to an OD 600 of 0.5 (for exponential-phase cultures) or about 3.0 (for stationary-phase cultures), chloramphenicol (100 g/ml) or spectinomycin (for chloramphenicolresistant strains; 300 g/ml) was added, and incubation continued for 5 min before harvest.
For heat shock experiments, an overnight culture was diluted 1 in 100 in LB broth and shaken (200 rpm) at 37°C. After growth to an OD 600 of 0.4, cells were transferred to 42°C, either 20 min or 5 min prior to exposure to 200 M paraquat for 45 min at 37°C. Control experiments used untreated cells or cells subjected to a heat shock but not paraquat.
Viable counts for checking the soxR and soxS phenotypes. Cultures of strains RKP2178, RKP3978 (soxS), and RKP3979 (soxR) were grown aerobically in LB broth at 37°C to an OD 600 of 0.5. The cultures were then treated with different concentrations of paraquat. After 45 min of further incubation at 37°C, dilutions of the culture in medium were spread on LB solid media containing the appropriate antibiotic. Results are expressed as percentages of the viable counts in cultures not exposed to paraquat.
␤-Galactosidase assays. ␤-Galactosidase activity was measured as described by Miller (32) and Giacomini et al. (12) . Assays were carried out at room temperature, around 21°C. Cell pellets were suspended in 2.5 to 4 ml of Z buffer (32) and stored on ice. ␤-Galactosidase activity in CHCl 3 Ϫ and sodium dodecyl sulfate-permeabilized cells was measured by monitoring the hydrolysis of o-nitrophenyl-␤-D-galactopyranoside. Activities are expressed in terms of the OD 600 of cell suspensions by the formula of Miller (32) . Each culture was assayed in triplicate; results were confirmed in at least two or three independent experiments.
RESULTS
Expression of hmp is increased by addition of paraquat to exponentially growing cultures. Previous work with a monolysogen ⌽(hmp-lacZ) operon fusion has shown that expression of this flavohemoglobin gene is low during exponential growth, but expression can be increased dramatically (greater than 20-fold) if the cells are challenged with nitric oxide (38) . Because paraquat has been shown to increase expression of other genes that respond to nitric oxide (36), we investigated the effect of paraquat on the expression of hmp. When exponentially growing cells were challenged with low concentrations of paraquat (up to 100 M), the level of hmp expression did not increase above the basal level (around 50 Miller units [ Table 2 ]). However, if the concentration was raised to 200 M, there was a 10-fold increase in the expression of hmp. Furthermore, addition of paraquat did not increase the level of hmp expression significantly. In contrast, a known paraquat-inducible gene, i.e., sodA, responded to paraquat at lower concentrations and with maximal expression at about 100 M ( Table 2 ). To investigate whether hmp transcription was increased in response to superoxide generated by the reaction of paraquat with oxygen, we studied the effect of other superoxide-generating agents (10, 35) , namely menadione, plumbagin, and phenazine methosulfate, on hmp expression. Cells challenged with menadione did not increase the level of hmp expression, even if 400 M menadione was added. Similarly, cells did not increase the level of hmp expression if challenged with plumbagin (up to 40 M) or phenazine methosulfate (5 M) ( Table 2 ). Higher concentrations of these compounds did not increase hmp expression (data not shown). In contrast, ⌽(sodA-lacZ) expres- a All inhibitors were added to exponentially growing cultures (OD 600 , Ͻ0.5). For the inhibitors dissolved in 100% ethanol, the equivalent volume of ethanol was added to the control flasks without an effect on ␤-galactosidase activities.
b Values expressed are for cells in the exponential phase of growth, 45 min after the addition of the redox cycling agent. Each result is the mean of three independent determinations in a typical experiment, and the values did not differ by more than 15%.
sion was increased at all concentrations of these compounds tested, indicating that these agents were acting by a common mechanism, presumably superoxide generation. Under the growth conditions tested, these compounds significantly reduced the growth rate (by greater than 50%) for both fusionharboring strains.
Regulation of hmp expression by paraquat is independent of SoxRS. All genes described so far as inducible by paraquat in E. coli have been shown to be under the control of the SoxRS modulon (8, 16) , but the induction of hmp by nitric oxide is SoxRS independent (38) . Therefore, we tested the possibility that SoxRS is involved in the paraquat regulation of hmp expression. Strain RKP2178 was transduced with soxR::cat and soxS::Tn10 mutations from strains BW949 and BW831, respectively. The transductants RKP3978 [⌽(hmp-lacZ) soxS::Tn10] and RKP3979 [⌽(hmp-lacZ) soxR::cat] were tested for their sensitivity to paraquat to demonstrate that these strains were indeed defective in these loci (Fig. 1a) . When the wild-type strain, RKP2178, was challenged with 100 M paraquat for 45 min, there was only a 25% reduction in the CFU (Fig. 1a) . In contrast, the strains defective in soxS (RKP3978) and soxR (RKP3979) showed a 95% reduction in the CFU at 100 M paraquat, thus confirming the soxR and soxS phenotypes (2). Wild-type cells showed an increase in hmp expression with increasing concentrations of paraquat (Fig. 1b and Table 2) . Surprisingly, the soxS mutant also showed an increase in hmp expression when challenged with increasing concentrations of paraquat during exponential growth (Fig. 1b) . (Fig.  1b) .
These experiments were performed by challenging cells with paraquat 45 min prior to measurement of hmp expression. This protocol does not elucidate the kinetics of induction. Therefore, samples were taken every 3 min after paraquat addition, and the level of ⌽(hmp-lacZ) activity was determined (Fig. 2) . The expression of hmp in wild-type cells began to increase 6 min after paraquat addition, and maximal expression was observed after 20 min (Fig. 2a) . However, strains defective in soxR did not respond until 12 min following paraquat addition, and only after 30 min was the maximal level of hmp expression observed (Fig. 2a) . A soxS mutant also responded slowly to paraquat addition, and maximal expression of hmp under these conditions was not observed until after about 33 min (Fig. 2a) . A ⌽(sodA-lacZ) fusion was also monitored under these conditions and responded within 3 min of paraquat addition; maximal expression was observed after 20 min (Fig. 2b) . The induction of ⌽(sodA-lacZ) was entirely dependent on soxR and soxS, because mutations in these genes prevented induction of sodA by paraquat (Fig. 2b) . A clear distinction was observed between the paraquat-mediated levels of expression of ⌽(hmplacZ) and ⌽(sodA-lacZ) in soxR and soxS backgrounds, even though for both strains these mutations result in rapid loss of viability after addition of paraquat.
Induction of hmp by paraquat is regulated by s in the stationary phase. From the results presented above, we conclude that hmp is the first gene described to be induced by paraquat but that its induction is independent of the global regulatory system for oxidative stress, SoxRS. During aerobic growth, ⌽(hmp-lacZ) expression increases twofold as the cells enter the stationary phase, and this increase is dependent on the stationary-phase-specific sigma factor s (31). Because s is induced as cells enter the stationary phase (15), we analyzed the effect of paraquat on the regulation of hmp in stationaryphase cultures. Exponential-phase (Fig. 3A) and stationaryphase (Fig. 3B) cultures challenged with 200 M paraquat showed an approximately fourfold increase in the level of hmp expression. In both cases, this induction was observed at 200 M paraquat, and ⌽(hmp-lacZ) activity remained high at higher paraquat concentrations.
An rpoS mutant (RKP3980) grown in the absence of paraquat or at up to 100 M paraquat (Fig. 3C ) exhibited levels of ⌽(hmp-lacZ) activity that were indistinguishable from those in an exponential-phase culture of the wild type (Fig. 3A) . Furthermore, 200 M paraquat caused an approximately 10-fold increase in expression (Fig. 3C) , as in the wild type. However, in the stationary phase, the rpoS mutant did not show the elevated level of hmp induction (about 130 Miller units; Fig.  3D ) observed for wild-type cells at zero or low concentrations of paraquat (Fig. 3B) . Although paraquat did enhance ⌽(hmplacZ) expression in stationary-phase cultures of the rpoS mu- , soxS, and soxR strains. Paraquat was added during exponential growth (OD 600 , Ͻ0.5), and samples for the determination of viability were taken 45 min after this addition and plated. (b) Effect of increasing concentrations of paraquat on the expression of ⌽(hmp-lacZ) in wild-type (wt), soxS, and soxR genetic backgrounds during exponential growth. Paraquat was added during exponential growth (OD 600 , Ͻ0.5), samples were taken 45 min after this addition, and ␤-galactosidase activity was determined in triplicate. The experiment described above was repeated more than three times, and the same pattern of ⌽(hmp-lacZ) expression was consistently observed. tant (Fig. 3D) , the increase was only 2.5-fold, resulting in a maximal level of expression that was still 3-fold lower than that in the wild type (Fig. 3B) . These results suggest that RpoS is a positive regulator of hmp induction by paraquat in stationaryphase cells.
To obtain further evidence that RpoS is involved in paraquat regulation in the stationary phase, we exploited the recent findings of Muffler et al. (34) and Jishage and Ishihama (20) , who showed that s can be induced by an upshift in temperature during the exponential phase, reaching maximum levels 20 min after the heat shock. Unlike the induction of 32 , the heat shock sigma factor, which reaches its maximum level 5 to 10 min after the upshift (42), the induction of s is not a transient response. To examine further the involvement of s in the activation of hmp by paraquat, cells grown in the exponential phase were pretreated with a heat shock at 42°C and then challenged with paraquat at 37°C (Fig. 4) . When cells of strain RKP2178 were pretreated with heat shock for 5 min, there was no difference in the level of induction of hmp by paraquat (Fig.  4D) . However, when cells were pretreated with heat shock for 20 min, the level of expression of ⌽(hmp-lacZ) was increased 1.4-fold in the presence of paraquat (Fig. 4E ), indicating that s is involved in the activation of hmp. Effect of regulatory mutations on the induction of hmp by paraquat. The regulation of hmp expression during exponential growth by paraquat was independent of SoxRS and RpoS. These results suggest that other regulators must operate to control the expression of hmp by paraquat during exponential growth. To investigate this possibility further, we determined the effect of other known regulators on hmp expression. The global regulator of anaerobic gene expression, Fnr, has been shown to be a negative regulator of hmp expression under anaerobic conditions, but it had no effect under aerobic conditions (38) . Neither a mutation in arcA nor one in fnr was able to prevent the induction of hmp by paraquat during exponential or stationary phases of growth (data not shown). Mutations in narL or narP did not decrease the induction of hmp by paraquat under any growth condition tested. Similarly, mutations in the global regulators OxyR, Fur, IHF (HimA), and adenylate cyclase (cya) did not significantly alter the level of hmp expression by paraquat. These experiments were also per- D) . The experiments were performed with a wild-type (wt) strain (A and B) or in an rpoS background (C and D). Paraquat was added during exponential growth (OD 600 , Ͻ0.5) and the stationary phase (OD 600 , Ͼ3.0). Samples were taken 45 min after this addition, and ␤-galactosidase activity was determined in triplicate.
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been shown to induce some oxidative stress promoters when overexpressed by a multicopy plasmid (3, 21) . The promoters shown to be affected to date are inaA, fumC, and sodA (3). This pattern of activation was distinct from that found for SoxS, and so we investigated the effect of Rob on the expression of hmp. When the mutation rob::kan was transduced into strain RKP2178, there was no effect on the expression of hmp during exponential growth or the stationary phase (data not shown). Furthermore, there was no effect on the induction of hmp by paraquat in exponentially growing or stationary-phase cells in the rob mutant (data not shown).
DISCUSSION
The electron-accepting properties of oxygen make its use as a terminal electron acceptor potentially dangerous for living systems; superoxide anion radical (O 2 Ϫ ) and other reactive by-products of oxygen reduction are produced in all aerobic cells and, if not scavenged, can damage critical biomolecules during oxidative stress (14) . During aerobic growth of E. coli, for example, reduction of oxygen leads to the production of superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals ( ⅐ OH) (10) . In E. coli, two oxidative stress regulons are triggered, respectively, by H 2 O 2 (the oxyR regulon) and by superoxide-generating (redox cycling) agents (the soxRS regulon) (10, 13, 16) . Superoxide dismutases disproportionate O 2 Ϫ , while catalases remove H 2 O 2 . Paraquat is one of several redoxactive compounds that catalyze a cyclic single-electron reduction of O 2 with the formation of O 2 Ϫ (10). In E. coli, exposure to paraquat triggers the oxidative response controlled by the SoxRS regulon (8, 16) , presumably as a result of superoxide generation. Rereduction of the paraquat radical (PQ ϩ ) by intracellular diaphorases regenerates the fully reduced species (28) , leading to continued superoxide generation (redox cycling). In E. coli, many paraquat-inducible genes (encoding about 40 proteins) have been reported (2, 22, 24, 25, 33) , but very few have been characterized in detail. These genes include those encoding endonuclease IV, glucose-6-phosphate dehydrogenase, superoxide dismutase, fumarase C, micF (an antisense RNA), and the gene encoding the NADPH:ferredoxin oxidoreductase (Fpr). A recent study described a novel paraquat-inducible gene that encodes a membrane protein of unknown function (pqi-5) (25) . This gene is also a member of the SoxRS regulon (26) .
Several lines of evidence point to complex mechanisms for hmp regulation and implicate the flavohemoglobin Hmp in oxidative stress. First, use of a ⌽(sodA-lacZ) fusion to monitor intracellular superoxide production demonstrated that Hmp is capable of generating superoxide in vivo when overexpressed (30) . Second, oxygen is bound at a single heme in Hmp which accepts electrons from NADH via flavin adenine dinucleotide (18, 37, 39) , facilitating single-electron reduction of bound O 2 to superoxide anion. Indeed, studies of purified Hmp in vitro have demonstrated that Hmp generates superoxide which reduces Fe(III) to Fe(II) (30) , although the reduction of other substrates (e.g., cytochrome c) by Hmp is not superoxide dependent (39) . Third, ⌽(hmp-lacZ) expression is regulated in a complex manner (38) . Expression is similar in minimal glucose-containing media under aerobic and anaerobic conditions, yet anaerobic expression is stimulated three-to fourfold by an fnr mutation. An apparent Fnr-binding site is present in the hmp promoter (38) , as was subsequently confirmed by in vitro studies of Fnr binding to the hmp promoter (29) . Also, high concentrations (0.4 mM) of 2Ј2Ј-dipyridyl, an iron chelator, stimulate expression anaerobically and aerobically. Of particular note is that ⌽(hmp-lacZ) expression is increased dramatically in the presence of nitric oxide and nitrite, and this induction is independent of SoxRS (38) . Expression levels of ⌽(hmp-lacZ) are low in aerobic, exponentially growing cultures, but increase twofold in the stationary phase in rich media in an rpoS-dependent fashion (31) . The absence of integration host factor is also necessary for maximal ⌽(hmp-lacZ) expression (31) . Thus, in addition to Fnr, several other regulatory mechanisms are involved in the responses to oxygen, nitrogen compounds, iron availability, and the onset of the stationary phase. Such complex regulation is reminiscent of the regulation of sodA, which is subject to regulation by six global transcriptional regulators (5).
Here we describe a further link between Hmp and oxidative stress: hmp expression is induced by paraquat during both exponential growth and the stationary phase. The minimal concentration of paraquat (200 M) required to elicit this induction was two-to fourfold higher than that for previously described paraquat-inducible genes, and hence hmp may have been overlooked in previous studies that sought paraquatactivated genes (24) (25) (26) 33) . Other superoxide-generating agents used in this study, such as menadione, plumbagin, and phenazine methosulfate did not induce hmp expression even at high concentrations. We can only speculate on why certain oxidative chemicals other than nitric oxide and paraquat do not appear to increase hmp expression. Nitrite also induces hmp expression (38) , although this may be due to nitric oxide formation in aqueous solutions. In the case of nitric oxide, hmp expression may be related to the fact that nitric oxide is a ligand for Hmp (18) . Detailed studies with the purified protein will be needed in vitro to determine the binding kinetics, the dissociation constant, and the possibility that Hmp reduces NO, but it seems plausible that the effects of NO are related to its status as an intermediate in denitrification or a product of nitrite reduction rather than its ability to interact with the Fe-S cluster in SoxR (16) . Metabolic dysfunction caused by redox-cycling agents cannot always be attributed to superoxide (17) , and other interactions between paraquat and E. coli should be considered. Paraquat has a redox potential considerably lower (E m , Ϫ446 mV, 30°C, pH independent) than those of menadione (E m , 0 mV, 25°C, pH 7) and phenazine methosulfate (E m , ϩ80 mV, 30°C, pH 7) (7), for example, and may reduce Hmp directly or interact with redox-sensitive regulators of hmp.
The kinetics of hmp induction in wild-type cells indicated that cells responded to paraquat within 3 min, and maximal hmp expression was observed after 20 min. However, when the kinetics of hmp induction were studied in both a soxS mutant and a soxR mutant, there was a 12-to 15-min lag period before the level of hmp expression increased. This delay suggests that a product of the Sox regulon may normally facilitate induction. Further work is needed to elucidate regulators of hmp expression during exponential growth.
The induction of hmp by paraquat was significantly reduced by a mutation in rpoS, but only during the stationary phase, suggesting that s modulates induction of hmp by paraquat. Other paraquat-inducible genes, e.g., pqi-5, have also been shown to be regulated by s (26) . However, pqi-5 was induced by paraquat only during exponential growth (SoxS/E 70 ), and no induction was seen in the stationary phase even at high concentrations (770 M) of paraquat. Koh and Roe (26) hypothesized that SoxS activation of pqi-5 during the stationary phase does not occur because SoxS does not activate the E s holoenzyme. The level of hmp expression also increases in the stationary phase, and this induction is dependent on RpoS (31) . The results of the present study clearly demonstrate that RpoS only affects induction of hmp by paraquat in stationaryphase cells. The ability of exponentially growing cells to induce hmp in the presence of paraquat was unaffected by mutations in rpoS. Moreover, when exponentially growing cells were pretreated with heat shock to increase the concentration of s (34) , the magnitude of induction by paraquat was 1.4-fold higher than that in cells not treated with heat shock. While this increase is lower than that (three-to fivefold) reported (34) for the elevated level of cellular s , it does suggest that RpoS plays a role in the induction of hmp by paraquat. We conclude that RpoS is a regulator of hmp expression by paraquat during the stationary phase, but hmp transcription in exponentially growing cells may be regulated by other, unknown factors.
